Recently, a western white pine protein, Pin m III, was shown to be associated with overwintering and frost hardiness of western white pine foliage. To examine whether Pin m III is directly involved in frost hardiness by functioning as an antifreeze protein, work is underway to clone the gene encoding this protein and to assess the function of this gene in freezing tolerance by incorporating the gene in a test plant, such as tobacco. Here, we examined in more detail, by SDS-PAGE and also by two dimensional gel electrophoresis, the seasonal variation of additional proteins in western pine foliage. SDS-PAGE analysis of three seedlots showed that different proteins reached a maximum level in different months, although most proteins (5 to 11) reached a maximum level in winter months (December, January and February). The 2-D gel analysis of foliage sampled on three harvest dates (October, January and April) of one seedlot revealed a seasonal variation of a large number proteins (76 to 184). Of the seasonally varied proteins, the amino terminal sequence of several proteins including Pin m III was determined. One of the sequences was identified by homology to that of the small subunit of ribulose biphosphate carboxylase, whose level increased substantially from fall to spring. The amino terminal sequence of Pin m III had 89% homology to a sugar pine protein, Pin 11. The anti-photosystem II antibody was used to monitor the annual variation of the extrinsic 23-kDa photosystem II protein. The level of the extrinsic 23-kDa photosystem II protein decreased slowly as fall progressed and reached its lowest level in December and then increased in early spring indicating that this variation is due to photosynthetic activity of the foliage during the season.
White pine blister rust is a disease of five-needle pines, Pinus monticola, Pinus strobus and Pinus lambertiana, caused by the fungus blister rust fungus, Cronartium ribicola. We have been studying proteins involved in hostpathogen interaction of this white pine-blister rust pathosystem (Ekramoddoullah and Hunt 1993) . During this To whom correspondence should be addressed.
ongoing investigation on protein biosynthesis in white pine foliage following infection with the pathogen, it was observed that environmental factors also contributed to the changes in the synthesis of proteins.
Most temperate-zone perennial plants have an annual cycle with a growing phase in summer and a dormant phase in winter (Lavender 1985) . Following environmental cues such as low temperature and short photoperiod, plants undergo several physiological changes including the development of frost hardiness. Frost hardiness is a mechanism by which plants attain adequate freezing tolerance during cold weather and resume growth when the risk of freezing is over (Weiser 1970 , Guy 1990 .
A positive correlation of the expression of cold-regulated genes with freezing tolerance has been observed in several plants (Mohapatra et al. 1989 , Binh and Oono 1992 , Houde et al. 1992 . Consistent with these findings, changes in protein synthesis also have been positively correlated with frost hardiness (Pomeroy and Siminovitch 1970, Kang and Titus 1980) . Cold acclimation was also closely paralleled by an accumulation of membrane-bound proteins in the leaves of Korean boxwood (Gusta and Wesser 1972) . Crude protein extracts obtained from cold-acclimated leaves of spinach were shown to protect isolated thylakoid membranes against freeze-thaw damage (Hincha et al. 1989 (Hincha et al. , 1990 . Removal of apoplastic proteins accumulated during cold acclimation of leaves of winter rye increased the level of injury to the leaves caused by freezing (Marentes et al. 1993 ) and these workers suggested that the extracellular proteins might have ice-nucleating and antifreeze properties which control extracellular ice formation in leaf tissues, as is thought to occur in insects and marine invertebrates (Storey and Storey 1988, Duman et al. 1991) . Kurkela and Franck (1990) reported that a cold-regulated gene from a plant, Arabidopsis thaliana, encodes a protein having amino acid sequence homology with certain fish antifreeze proteins.
Some polypeptides encoded by cold-regulated genes have low molecular weights (Johnson-Flanagen and Singh 1987) and have unusual properties of remaining soluble upon boiling Thomashow 1992) . During cold acclimation and decrease in photoperiod, there are also changes in the synthesis of other proteins (Weiser 1970 , Weiser et al. 1990 , Thomashow et al. 1990 , Roberts et al. 1991 , Voinikov and Korytov 1991 , Coleman et al. 1991 , 1992 , Sauter and Cleve 1993 , Saez-Vasquez et al. 1993 , Zhu et al. 1993 , Coleman and Chen 1993 , some of which are storage proteins, storing nitrogen over the winter which will then be mobilized for new growth in the spring , Roberts et al. 1991 . Cold acclimation has also been associated with increased levels of antioxidant enzyme systems of some plant species (Esterbauer and Grill 1978 , Esterbauer et al. 1980 , de Kok and Oosterhuis 1983 , Nakagawara and Sagisaka 1984 , Guy and Carter 1984 , Sagisaka 1985 , Asada and Takahasi 1987 , Schoner et al. 1989 , Anderson et al. 1992 . It was also shown that the level of certain heat-shock proteins increased with cold acclimation (Neven et al. 1992) . The induction of similar stress-related proteins has also been shown in some plant species during exposure to heat (Vierling and Nguyen 1992) , salinity (Hofner et al. 1987 , Hanson 1992 , and drought (Close et al. 1989) , and in seeds during maturation drying (Bewley and Oliver 1992) .
Recently, a sugar pine (Pinus lambertiana) protein, Pin I I was detected in increasing amounts in the fall . The homologue of this fall protein, named as Pin m III, was also identified in western white pine (Pinus monitcold). Pin m III was shown to be associated with overwintering and frost hardiness of western white pine foliage . To examine whether Pin m III is directly involved in frost hardiness by functioning as an antifreeze protein, work is underway to clone the gene encoding this protein and to assess the function of this gene in terms of freezing tolerance by incorporating the gene in a test plant, eg. tobacco. In this study, we examined in more detail the seasonal variation of additional proteins in western pine protein foliage. The study was also aimed at the partial amino acid sequencing of these proteins so that appropriate antibody/DNA probes could be developed and used to further our understanding of the relationship of environmental stress with host-pathogen interaction and also in our ongoing study of the antifreeze function of Pin m III.
Materials and Methods
Pinus monticola-Seedlings from seedlots 3159 [Ingersoll Creek (5O°8'N, 118°4.8 (Hunt 1988) and kept under natural day length and temperature in a shelter house at the Pacific Forestry Centre (48°25'N, 123°W; elevation: 30 m). They were fertilized with N : P : K (20 : 20 : 20, 0.5 Extraction of proteins-Proteins were extracted as described elsewhere (Ekramoddoullah 1991 (Ekramoddoullah , 1993 with minor modifications. Foliar samples were lyophilized and ground to powder in liquid nitrogen with a mortar and pestle, after which 50 mg of needle powder was extracted with 0.7 ml of extraction solution (ES) (4% SDS, 5% sucrose, 5% mercaptoethanol) for lOmin at room temperature with gentle stirring. The extract was centrifuged at 10,000 xg for 15min, and the clear supernatant was heated to 100°C for 3 min and then cooled to room temperature. Proteins were precipitated by adding cold (-20°C) acetone (8 x volume of the supernatant); precipitation was allowed to continue for 1 h, (at -20°C) after which the sample was centrifuged at 10,000 x g. The pellet was resuspended in 0.2 ml of ES, centrifuged at 10,000 xg for 15 min, and the protein content of the supernate was determined (Ekramoddoullah and Davidson 1995) using bovine serum albumin as a standard. Briefly, the protein solution and standard were spotted on a polyvinylidene difluoride membrane (Immobilon-P, Millipore Canada Ltd., Toronto, Canada). The membrane was stained with 0.1% Coomassie blue R-250 (Bio-Rad Laboratories, Richmond, CA, U.S.A.) in 50% methanol for 8 min, and then destained in 50% methanol: 10% acetic acid for 8 min at room temperature. The membrane was then rinsed with water for 10 min and scanned using a laser scanner (Molecular Dynamics, model 110A, Sunnyvale, CA, U.S.A.) interfaced with a workstation (SPARK 1, Sun Microsystems of Canada Inc. Vancouver, B.C., Canada) and PDI (Protein + dna image Ware systems, Huntington Station, NY, U.S.A.) for membrane blot processing with the software program ONED™. Scanning, detection and quantification were performed according to the PDI instruction manual.
One-dimensional gel electrophoresis-SDS-PAGE was carried out in a protein slab cell apparatus (Bio-Rad) utilizing 0.75-mm thick 12% gel and the Laemmli buffer system (Laemmli 1970) . A sample volume of 25 //I (containing 3 ng, protein) was applied in each well. To calibrate the gel, low molecular weight (range: 14.4-97.4 kDa) standard markers (Bio-Rad) were used. The gel was stained with silver (Hochstrasser et al. 1988 ), scanned and analyzed with the software programme ONED. The band quantitation is calculated based on the optical density (O.D.) of all the pixels within the band boundary and is expressed in O.D. units per mm.
Two-dimensional gel electrophoresis-Two-dimensional electrophoresis was carried out using a Millipore Investigator System. Isoelectrofocusing (IEF) gels were prepared to the level of 170 mm high using ampolytes (pH 3-10) in long and narrow tubes (190 x 1 mm). Fifty micrograms of protein in a 20 ^1 volume [ 10 /il of ES + 10//1 of solution F (0.1 g dithiothreitol, 0.4 g of cholamidopropyldimethylhydroxyprpanesulfonate, 54 g of urea, 0.5 ml ampholine, pH3-10 and 6.5 ml water)] was loaded onto each IEF gel. IEF was carried out overnight. The gels were then extruded and laid on top of the second-dimension SDS-PAGE gel (12%). Gels were stained with silver according to the Millipore Investigators System's manual. Each run was replicated twice. Gel calibration was done using the following standard molecular weight and pi markers (2-D gel standards; Bio-Rad): conalbumin, albumin, actin, rabbit muscle glyceraldehyde 3-phosphate dehydrogenase, carbonic anhydrase, trypsin inhibitor and myoglobin.
Scanning of gels and computer analysis of separated proteins -Stained gels were scanned by a laser scanner (Molecular Dynamics) interfaced by PDI with ONED™ software (version 2.0) for processing one-dimensional gels and blots and PDQUEST™ software (version 5.0) for processing two-dimensional gels. An original version of the software program was described by Garrels et al. (1984) . Scanning, detection, estimation of molecular weight and pi, and quantitation of protein bands (one-dimensional gels and Western immunoblots) or spots (two-dimensional gels) were performed according to the PDI instruction manual. The scanner was calibrated with an optical density photographic step tablet having 21 steps with density range of 0.05 to 3.05 (Eastman Kodak Company, Rochester, N.Y.). The band quantitation of 1-D gels and blots is calculated based on the optical density of all the pixels within the band boundary and is expressed in O.D. units per mm. Two-dimensional gel scans obtained from gels were converted to gel images, which were then converted into gel spots by an autodetection method. Gel spots detected were carefully examined against the original gels. Each pixel of a gel scan is originally assigned an optical density (O.D.) value based upon the step tablet calibration of the scanner, and linear interpolations of optical density are used for spot quantitation. The quantitation of spots was performed automatically employing a 2-dimensional Gaussian model. The spot quantitation is the Gaussian volume and is expressed in protein data units (PDU). A matchset consisting of 2-D gel spot data obtained from October 1992, January 1993, April 1993 samples of seedlot 2888 and a reference gel was prepared. The reference gel was constructed whereby all spots detected in all samples of three harvest dates were put together electronically by a process of landmarking (i.e. relating to the obvious common protein spots) and automatic matching. The matchset was also edited by re-checking for match offsets, partial matches, and erratic responses. The data were evaluated by a Student t-test provided with the software. If a protein spot is significant by this t-test, then the observed difference between the mean quantitation of a spot in a sample of a given collection date and its mean quantitation in the sample of another collection date cannot, with a probability greater than 95%, be attributed to chance. Amino acid sequence analyses-Pine proteins separated on SDS-PAGE or on two-dimensional gels were electrophoretically transferred to Immobilon-P membrane (Matsudaira 1987 ) using a semi-dry transblot apparatus (Millipore). The stained protein bands or spots were cut from the membrane and placed directly into the sequencer (Model 470A, Applied Biosystems, Foster City, CA, U.S.A.) for N-terminal sequence analysis (University of Victoria microsequencing facility, Victoria, B.C., Canada). The amino acid sequence comparison of the N-terminal peptide was performed at PIR (Protein Identification Resource Centre, Washington, DC, U.S.A.) and at NCBI (National Centre for Biotechnology Information, Bethesda, MD, U.S.A.) using FASTA (Pearson and Lipman 1988) and BLAST (Altschul et al. 1990 ) network services.
Synthesis of N-terminal peptide and production of rabbit anti-Photosystem II antibody-The synthesis of the N-terminal peptide and production of rabbit antibody were carried out under a contract by Multiple Peptide Systems (MPS). The peptide AYGEAANVFGAPKKNTDFITC was synthesized using a variation of Merrifield's original solid phase procedures (Merrifield 1963) in conjunction with the method of simultaneous peptide synthesis (SMPS) (Houghten 1985) . The first twenty amino acids were a part of the N-terminal amino acid sequence of an extrinsic PSII polypeptide (23 kDa) characterized in western white pine (Ekramoddoullah 1993) and the twenty-first amino acid, cysteine, was added at the C-terminal end of the peptide to facilitate the coupling of 5 mg of purified peptide to a carrier protein (Kehole lymphet hemocyanin) (KLH).
The peptide-KLH was suspended in PBS buffer (3.1 mg ml" 1 ), emulsified by mixing with an equal volume of Freund's complete adjuvant, and injected into five to six subcutaneous dorsal sites, for a total volume of 0.6 ml (1.0 mg of conjugate, 0.50 mg peptide) per immunization. Rabbits were repeatedly (over 60 days) injected with the immunogen in Freund's incomplete adjuvant under a proprietary immunization schedule.
Antibody purification was carried out with an immuno-amnity purification kit Proton ™Kit #1 (MPS). Purity of the antibody was checked by SDS-PAGE. The titer of the affinity-purified rabbit anti-Photosystem II antibody was 3200.
Western immunoblot-Proteins separated by SDS-PAGE (5/^g lane" 1 ) were electrophoretically transferred (Towbin et al. 1979 ) from the gel onto immobilon-P membrane. Following transfer of the separated proteins, the membrane was probed with antibody as described elsewhere .
Results

SDS-PAGE protein patterns of the three seedlots-
There were 22-24 protein bands well resolved in SDS-PAGE gels of the three seedlots. A typical gel pattern of seedlot 2888 is shown in Fig. 1 (Fig. 2-4) . On average, 603 proteins per harvest date were detected in 2-D gels. Significant protein differences were found between October and January; 141 proteins were enhanced or induced while 43 proteins decreased or disappeared. Comparison between January and April samples showed 29 proteins were either enhanced or newly synthesized while 47 proteins were reduced or disappeared. Between October and April, 74 proteins were either significantly enhanced or newly synthesized while 64 proteins decreased or disappeared. A few of these proteins are listed in Table 4 and their gel locations are indicated in Figures 2-4 .
Amino acid sequence analysis-From 2-D gels data (Table 4) sample of the seedlot 2888 were selected for N-terminal amino acid sequence analysis. Only ssp #8109 yielded sequence data (Fig. 5) , the others were blocked at N-terminal group or there was insufficient quantity. The sequence of ssp# 8109 had 78% homology (p = 0.00015) with ribulose biphosphate carboxylase oxygenase (RuBisCo) small subunit from Japanese black pine (Pinus thunbergiana) (Protein data bank accession #gp/X13408/PIRBCS3). From SDS-PAGE gel data (Table 2) eight proteins (13.8 kDa, 14.6 kDa, 16.0 kDa, 18.4 kDa, 20.7 kDa, 26.7 kDa, 30.3 kDa and 36.2 kDa) were selected for amino acid sequence analysis. The N-terminal amino acid sequence of the 13.8-kDa, 14.6-kDa, 16.0-kDa, 18.4-kDa and the 20.7-kDa proteins was obtained (Fig. 5) . The sequences of the other proteins were not obtained due to blocked N-terminal amino acids. No significant homology was found for N-terminal amino acid sequences of the 13.8-kDa, 16.0-kDa and 20.7-kDa proteins. One major and minor sequence were obtained for the 16.0-kDa protein. The first fifteen amino acids of N-terminal amino acid sequence of the 14.6-kDa protein were identical to those of ssp# 8109 which had significant homology with RuBisCo small subunit. A significant homology (89%) of the N-terminal sequence of the 18.4-kDa protein was found with sugar pine protein Pin I I (protein data bank accession PIR#A40451).
Seasonal variation of photosystem II in three seedlots -Western immunoblot was used to establish the specificity of anti-photosystem II antibody which bound to a single protein band corresponding to a 23-kDa protein. The level of the 23-kDa photosystem II protein slowly decreased in the fall and reached a minimum in December and then slowly increased as spring approached, reaching a maximum in early summer (Fig. 6 ).
Discussion
During our investigations of the molecular analysis of the host pathogen interaction of the white pine blister rust pathosystem (Ekramoddoullah and Hunt 1993) , a sugar pine protein, Pin 11, was detected in increasing amounts in the fall . Using anti-Pw / I antibody, its homologue Pin m III was detected in western white pine. Furthermore, the concentration of Pin m HI, which reached its maximum in winter months, was signifi- cantly correlated with frost hardiness of western white pine foliage. The present study showed that, in addition to Pin m III, other proteins also increase during winter in western white pine foliage. A number of proteins in all three seedlots increased in amount. One of the major proteins was Pin m III which was previously identified immunochemically . Although the number of proteins varied from seedlot to seedlot, this variation was independent of the origin of the seed sources. Since the foliage from seedlings within these seedlots was pooled, the data did not provide any insight into variation within seedlots.
Since only a limited number of proteins could be resolved in SDS-PAGE, we used 2-D gel electrophoresis to analyze these proteins more thoroughly. This analysis was limited to samples of seedlot 2888 that were harvested in October 1992 , January 1993 , and April 1993 , since the level of Pin m III (which was shown to increase in October 1992, to reach a maximum in January 1993, and then decrease by April 1993 in this seedlot) could be used a reference point. The study clearly showed that a large number of proteins are being synthesized and metabolized as a tree enters into the dormant phase. Although the function of these proteins is unknown, they may belong to several group of proteins such as storage proteins, proteins associated with frost hardiness, anti-oxidant systems and general stress proteins (Close et al. 1989 , Schoner et al. 1989 , Coleman et al. 1991 . Because of our interest in proteins associated with frost hardiness, we attempted to sequence a few of these proteins that were increased during dormancy (Table 4 , January). No attempt was made to sequence ssp# 6212 because this protein was identified immunochemically as one of the isoforms of Pin m III (unpublished data). In the sequence analysis, ssp# 8109 from the April sample was included because of a dramatic change in the quantity of this protein among three harvest dates. With the exception of SSP# 8109, none yielded any sequence data from 2-D gels. Since the molecular weights of these proteins were known, proteins corresponding to these molecular weights in the January sample of seedlot 2888, which were resolved on SDS-PAGE (Table 2) , were subjected to amino acid sequence analysis. The underlying assumption was that any amino acid sequence obtained from SDS-PAGE would be the major sequence of those identified in 2-D gels. In support of this assumption, the amino sequence of the 14.6-kDa protein obtained from SDS-PAGE was shown to be identical to the RuBisCo small subunit (ssp# 8109). However, the amino acid se- quences (Fig. 5 ) of proteins that were obtained from SDS-could be produced to the N-terminal peptide of these pro-PAGE do not necessarily reflect those identified in 2-D gels teins and measuring them immunochemically-as was having increased synthesis during winter months. This done in this study with photosystem II and previously with would require further work in which specific antibodies Pin m III . The N-terminal amino acid sequence of the 18.4-kDa protein (i.e. Pin m III), as expected, showed significant homology to sugar pine protein Pin 11. The N-terminal amino acid sequence of the 14.6-kDa protein showed a significant homology to the RuBisCo small subunit of Japanese black pine. Of interest is the variation observed in the level of PSII which may be a reflection of the low photosynthetic activity of the foliage in December (Chevone et al. 1989 . Jurik et al. 1988) . This indicated that the efficiency of photosystem II decreased in cold-acclimated conifers (Schoner et al. 1989 ). This protein could be an indicator of photosynthetic activity of the foliage.
In view of the seasonal variation of many proteins in white pine foliage, any study on the host-pathogen interaction of white pine blister rust pathosystem should take into consideration the possible impact of the pathogen on these environmentally regulated proteins of the host. The partial characterization of a few of these proteins would allow us to produce antibody probes and thereby study the possible role of at least some of these protein in host-pathogen interactions. Moreover, the amino acid sequence information would be useful in designing appropriate primers for cloning genes encoding these proteins and examining their possible function as antifreeze proteins.
